INTRODUCTION
Arsenic-contaminated groundwater has been intensely studied to understand the formation and extending mechanisms in the Quaternary sediments, resulting that the As becomes one of the well understood elements of the behavior in the natural hydrologic cycle. In the GangesBramaptra-Meghna (GBM) river basin, one of the largest arsenic-contaminated groundwater affected areas of the world, highly As-contaminated groundwater appears mainly in the aquifers having reducing conditions. Therefore, the generally accepted hypothesis explains that the As release into the groundwater in the Holocene aquifers occurred in association with reduction of aquifer conditions (e.g., Nickson et al., 2000; McArthur et al., 2001; Smedley and Kinninburgh, 2002; Zheng et al., 2004; Mukherjee et al., 2008; Fendorf et al., 2010 ; and references therein); As released from Asbearing sulfide minerals derived from the Himalayas is adsorbed onto Fe oxyhydroxides formed at the same time as sulfide mineral decomposition under aerobic conditions and transported into the river basin aquifer. Then, dissolved Fe . Sequential extraction analysis of the aquifer sediments demonstrated that most of the As was fixed in silicate(s) in the sandy aquifer sediments, and that the As adsorbed onto and/or fixed in Fe oxyhydroxides and Mn oxides were usually less than 5% . They presumed the biotite to be a host phase of As, and its chemical weathering was proposed as the mechanism for release of As into the groundwater.
In the present study, single crystals of phyllosilicates, pale green chlorite and brown biotite, were targeted to analyze the mineralogical and chemical characteristics to specify the mineral phase of As host in the aquifer sediments of Sonargaon. The results indicate that decomposition via chemical weathering of detrital chlorite in the aquifer would be presumed as a primary mechanism for formation of As-contaminated groundwater.
METHODS
The sample minerals were separated from the aquifer sediments taken in 2004. Cored sediments were vacuum packed with deoxigenizer just after recovering, and transported to Japan. In the laboratory, the sediments were freeze-dried to prevent oxydation, and kept in glass vials until further analysis. Lithology, mineralogy and chemistry of bulk core sediments were described in the other publications Seddique et al., 2008) . Mineral grains of biotite and chlorite were hand picked from the aquifer sediments at 23.6 m depth from the surface used for a previous study . The sediments and separated minerals were not washed or chemically pretreated to prevent any change in the mineralogical and chemical compositions of each mineral surface. Mineralogical and chemical analyses of candidates of As-bearing minerals were studied as follows.
X-ray diffractometry (XRD)
Single crystals of biotite and chlorite were analyzed by XRD using a Gandorfi Camera to confirm the phases and purity of each crystal. V-filtered CrKα radiation was used to analyze biotite, and Mn-filtered FeKα radiation for chlorite. XRD patterns were recorded on X-ray films in Gandolfi camera. The exposed X-ray films were degitized into brightness data with a conventional scanner. The digital data were converted into 2θ-intensity data by an analyzing method of Matsuzaki and Shinoda (2004) . XRD patterns of Fig. 1 are converted profiles from X-ray films. During the converting processes, some artifacts, such as scratches on X-ray film, give fake peaks. Peak positions on X-ray films were doubly checked and the resultant true peaks were used to identify minerals. The numbered peaks in Fig. 1 are true peaks after checking.
Electron microscopic observation
Biotite and chlorite were observed by SEM (JEOL JSM-5500) and the major element chemistry analyzed using the attached EDS (EDAX CDU/LEAP detector). The concentration was calibrated using standard mineral samples. Before the analysis, mineral grains were fixed with epoxy resin and cut perpendicular to the cleavage to observe the inside of the grains. To observe the surface of chlorite by TEM (JEM-2100), a chlorite grain was crushed and plated on a copper mesh. Chemical composition was analyzed using attached EDS.
Synchrotron radiated microbeam-XRF and XAS
The µ-XRF and XAS analyses were performed at SPring-8 using beam lines, BL37XU and BL01B1, respectively. Both beamlines were equipped with Si(111) double-crystal monochromators and mirrors.
Since the As concentration of the biotite and chlorite was estimated to be approximately a few tens milligrams per kilogram, synchrotron radiated X-ray fluorescence photometry (µ-XRF) was used to detect the As inside of the minerals. Biotite and chlorite were fixed in epoxy resin, and polished to expose inside of the mineral perpendicular to the cleavage. The surface of cleavage of a chlorite grain also was observed after pealing the crystal <20 µm thick. Another grain of chlorite, which sandwiched an amphibole crystal, was pealed to be thin along the cleavage. The prepared samples were placed on an acrylic plate and fixed with scotch tape. A K-B mirror system attached to the X-ray microscope was used to observe the sample surface. Beam radius was 2 × 4 µm 2 , excitation energy of X-ray was 11.9 eV. For mapping, beam stepped 0.5 µm per pulse and exposure time was 0.1 second per each point.
X-ray adsorption analysis (XAS) was conducted on mineral fractions of chlorite to determine the oxidation and chemical state of As. The chlorite grains and standard arsenate and arsenite solutions were sealed in Escal TM film and set on a sample holder. All spectra of standard compounds were measured in transmission mode in an ionization chamber. The spectra of the samples were obtained in fluorescence mode using Ge semiconductor detectors.
RESULTS

XRD mineralogy of chlorite and biotite
XRD patterns of chlorite and biotite are shown in Figs. 1a and 1b, respectively. The chlorite grain was same as that used for the µ-XRF analysis, which will be described later, while sandwiched amphibole was removed. The XRD patterns of Fig. 1a is the result after background subtraction. The raw XRD pattern showed high background and weak peaks, implying that the chlorite had low crystallinity probably due to weathering. The crystal of Fig. 1a is assigned to Fe-rich chlorite by the following reasons. According to JCPDS cards, the set of d-spacing [14.4, 7.22, 4.61, 3.58, 2.69, 2.45, 2.25, 2.01, 1.55 Å] was highly indicative of a trioctahedral structure of the chlorite. In general, Fe-Mg contents can be estimated from intensity ratios of (00l) diffractions of chlorite. However, the criterion was not accounted into the consideration, since the XRD peaks were very weak and (00l) ratios were not reliable. As high Fe contents were indicated by EDS analyses as mentioned later, Fig. 1a assigned to Fe-rich chlorite, chamosite. As remaining peaks at 4.20, 2.19, 1.72 Å in Fig. 1a were not characteristic of chlorite, but indicative of goethite according to JCPDS cards. Thus, goethite occurs in this chlorite grain.
Chlorite is a sheet silicate containing layers of brucite (one octahedral layer) and talc (two tetrahedral layers intercalating one octahedral layer). Biotite comprises a composite sheet, in which octahedral layer is sandwiched between Si-O tetrahedral layers, and the sheets are linked by a plane of K. Trioctahedral and dioctahedral micas and chlorite can be distinguished by d-spacing of (060), and the former is characterized by 1.53~1.55 Å (Deer et al., 2009) 
Chemical composition of chlorite and biotite
Chemical composition of chlorite and biotite obtained by the EDS attached on the SEM is shown in Table 1 . The chlorite contained large amounts of Fe, and was categorized as chamosite, trioctahedral Fe-rich chlorite (Deer et al., 2009) . It is notable that the chlorite contains K (1.4% as K 2 O), which is not a common element of chlorite endmembers, but occasionally includes as a minor constituent. Concentrations of Al and Mg were similar in the chlorite and biotite, while the Fe is enriched in the former; Fe/(Fe+Mg) ratio is 0.74 for the chlorite and 0.58 for the biotite.
µ-XRF mapping of chlorite
Distribution of As, Fe, K, Si, and Mn on the cleavage surface of the chlorite with amphibole grain was mapped using synchrotron radiated X-ray fluorescence (µ-XRF); the maps of those element distributions are shown in Figs. 2b to f. The chlorite was the same grain as that used for the above described XRD analysis. Arsenic was detected only in the area of the chlorite, and it is clear that the amphibole does not include As. On the while, the other elements were detected also in the amphibole. Distribution patterns of Fe, Si, Mn and K are similar to each other and more enriched in the amphibole. Maps of As, Fe, Si, Mn and K of the surface cut normal to cleavage planes are shown in Fig. 3 . This figure shows that the As is distributed ubiquitously inside the crystal and is not simply adsorbed onto the surfaces of minerals or along a cleavage. Figure 3g shows µ-XRF spectra of the point of greatest As level detected in the chlorite. Intensity of Si was low and Mg was not detected, since the Al foil, which was used for adsorbing strong Fe fluorescence, absorbed fluorescence X-rays of weaker energy than that of Fe including those elements. Arsenic concentration was estimated to be within tens to a few hundreds of milligrams per kilogram from the As intensities of arsenopyrite and realgar, which were measured as standards of As.
Arsenic was not detected in the biotite grains by µ-XRF. Thus, chlorite is the only phase including As among the three studied basic minerals, which are most aboundant detrital basic minerals in the aquifer sediments. As shown in Fig. 4 , XRF intensity of As increases with increasing Fe and Si but keeping the same Fe/Si ratio, indicating that the As is in the silicate phase. Based on the sequentially chemical extraction, the As in the aquifer sediments was fixed most abundantly in the silicate phases and limited in the acid soluble and reducible phases including Fe-oxyhydroxides/oxides . Our result is concordant with their observation. As described before, the goethite was detected by XRD of the chlorite grain, although the goethite seems not to be a host of the As. Chlorite would be the only primary host phase of As of the studied aquifer sediments.
TEM observation of chlorite and goethite
Goethite, which has been thought to be the host phase of As of GBM river basin, was detected in the chlorite grain by XRD (Fig. 1) , therefore, both minerals were observed by TEM. See Fig. 4 for the explanation of the square indicated by Fig. 4 in (c) . Figure 5 shows the TEM image of the cleavage surface of the chlorite, using the same grain used for µ-XRF analysis (as shown in Fig. 2) . Aggregates of submicron size goethite occurred on the surface of the cleavage (Fig.  5a ). Chemical composition of the chlorite was analyzed qualitatively by TEM-EWS, and was consistent with that obtained by SEM-EDS, i.e., the largest peak was Fe, followed by Si, Al, and Mg, and a small K peak was detected (Fig. 5b) . The goethite was composed mainly of Fe and included small amounts of Si, Al, Mg, and characteristically P, which was not detected in the chlorite (Fig. 5c) . Figure 6 shows the XANES spectrum of As from the chlorite: the As(III):As(V) ratio was 0.45:0.55, indicating similar amounts of the two oxidation states. The distance between As and neighboring O could not be determined because the As concentration was too low to obtain precise XAFS spectra.
XAS analysis of As in chlorite
DISCUSSION
Mineralogical characteristics of chlorite
Chlorite is formed during hydrothermal alteration, low-temperature metamorphism, diagenesis, and chemical weathering (Deer et al., 2009) . Chlorite, which is common in the sedimentary bedrock in Bangladesh, may be a secondary mineral in the weathered crust . However, chlorite-smectite mixed layered clay minerals and vermiculite are more common weathering products from biotite than chlorite, since reconstruction of the 2:1 layer rarely occurs during biotite weathering (Banfield and Eggleton, 1988) . Also, dioctahedral but not trioctahedral chlorite is preferable weathering product of biotite, since Al and Fe 3+ become dominant as octahedral cations compared with Mg and Fe 2+ under aerobic condition. Thus, the studied chlorite, chamosite, would not be a product of chemical weathering.
Chamosite, Fe-rich trioctahedral chlorite, is the endmember of clinochlore-chamosite series of chlorite, having same structure and variation of Mg/Fe ratio. Although the Fe/(Fe+Mg) ratio of chlorite depends on chemistry of host rocks (Cathelineau and Nieva, 1985; Shikazono and Kawahata, 1987) , chlorite having higher Fe/(Fe+Mg) ratio appears in the mineralization zone formed from solution rich in Fe within a discharge zone (Zang and 
. Analytical results of µ-XRF of chlorite cut perpendicular to the cleavage: a) Optical microscopic image of chlorite studied; the rectangle is the XRF mapped area. Distribution maps of element are b) As, (c) Fe, d) Si, e) Mn and f) K. g) µ-
XRF spectrum of the area with greatest As level in the chlorite. Fig. 3. 1995). The paragenesis of chlorite and biotite studied is not known at present, chlorite would be an alteration product of the coexisting biotite, which was experienced hydrothermal alteration in the source rock.
Trioctahedral chlorite of both Mg-and Fe-rich, clinochlore-chamosite character is easily chemically weathered and changed to dioctahedral smectite (Egli et al., 2003) , especially Fe-rich chlorite decomposes in the aqueous environment faster than the Fe-deficient variety (Ross and Kodama, 1976) . Goethite is a dominant alteration product of chlorite (Bain, 1977) . When chlorite is weathered, Mg is removed into solution and Fe is precipitated in aggregates of nanocrystalline goethite containing Al, Si, and characteristically P (Cho and Mermut, 1992; Banfield and Murakami, 1998; Aspandiar and Eggleton, 2002) . Such a chemical characteristics of goethite are similar to that of the goethite found on the studied chlorite. Arsenic-contaminated aquifer sediments of the study area was grey in color, indicating reducing conditions , while most of the groundwater of this aquifer was oversaturated with goethite, and the As-contaminated groundwater contained high concentrations of Mg originating from chemical weathering of mafic minerals . A laboratory experiment documented that transformation of dissolved ferrihydrite to goethite occurred at room temperature (Schwertmann et al., 2004) , and that goethite is more stable phase than hematite at low temperatures as a transformed phase of ferrihydrite (Das et al., 2011) .
Iron oxidation is regarded the primary mechanism driving initial alteration of chlorite (Gilkes and Little, 1972; Ross and Kodama, 1976) . The weathering rate of chlorite is faster than that of plagioclase (Bain, 1977) . Thus, if the aquifer conditions remain reducing, chlorite dissolution and the associated As release into the groundwater does not occur. Once oxidizing conditions develop, chlorite would be easily oxidezed to decompose in the aqueous environment, and the resulting condition becomes more reducing than before. Oversaturation of goethite in groundwater and the presence of goethite on the chlorite are evidence of Fe-oxidizing conditions in an aquifer of the study area. Thus, the goethite must be a product of the Fe-rich chlorite weathering in the aquifer.
Goethite was not detected by XRD analysis of biotite grain, probably due to the strong intensities of XRD of this mineral to detect small occulusion. Even if goethite is formed on the surface of biotite (and amphibole) grains, it is clear that it is not the host of As by µ-XRF analysis.
Arsenic in the chlorite
Recent mineralogical studies using XAS techniques have contributed to the understanding of the silicate and ferrigenous minerals hosting As. Arsenic substitutes for Si at tetrahedral sites in garnet as As(V) (Charnock et al., 2007) , and in antigorite, in which As(III) and As(V) compensate for the charge imbalance of 2 Si (Hattori et al., 2005) . The As(III)-O coordinated species was dominantly incorporated into the structure of trioctahedral Mgsmectite, although co-existing As(V)-O coordinated species may be associated with the amorphous silica phase in hydrothermal systems (Pascua et al., 2005) . For biogenic magnetite, As(V), but not As(III), occupied the tetrahedral site (Coker et al., 2006) . These studies documented that As(V) has strong affinity for incorporation into the tetrahedral layer, while the incorporation of As(III) was limited, probably due to the larger ionic ra- figure) . The data was referred supplementary data of Seddique et al. (2008) . Studied chlorite and other minerals of this study were picked from the studied sediment column of these data obtained. dius of As(III) compared to that of As(V). Chlorite can compensate the charge balance of tetrahedral ions by substitution of Si IV and Al III . Thus, unlike the antigorite, As(III) and As(V) are not necessary to be incorporated into the same layer to compensate the charge balance. The site of As of the studied chlorite is unclear at present, although As(III) and As(V) would be separately substituted in the octahedral and tetrahedral sites, respectively. The As fixed in tetrahedral and octahedral sites cannot be dissolved without decomposition of chlorite.
Implication to the formation mechanism of As contaminated groundwater
In the BGM deltaic plain, formation of As-contaminated groundwater has been thought to occur through microbial-mediated reduction-dissolution of Fe oxyhydroxides adsorbing As under moderately to strongly reducing conditions. The importance of chlorite and/or other detrital minerals as a source of As has not been appropriately evaluated, although such an importance has been pointed out by some authors. Dowling et al. (2002) reported that mica was the primary source of As, which was released in the aerobic zone of the aquifer sediments in Bangladesh via weathering, based on the study of As-affected aquifer sediments from Laxmipur, 100 km SSE of Dhaka. They hypothesized that the Fe oxyhydroxides, as weathering products of mica, which coated mineral grains such as quartz, released adsorbed As via breakdown of those minerals. Swartz et al. (2004) found that considerable amount of As was presumed to be incorporated into silicate(s) based on sequential extraction results, although the mineral(s) was not specified. They evaluated that such insoluble phases of As were not important as a source of As, because silicates appeared to be insoluble in the aquifer sediments. However, the chemical weathering of silicates in aquifer sediments is one of the most important factors for determining groundwater chemistry. In the aquifer studied here, the in situ weathering of mafic mineral(s), mostly chlorite, affected groundwater chemistry, indicated by high levels of Mg 2+ and HCO 3 - . Thus, the As can be released if the As-bearing chlorite and/or other silicate minerals are chemically weathered.
Mica is considered an adsorbent of As in the BGM aquifers and controls As groundwater concentration via adsorption-desorption (Charlet et al., 2007) . However, the micas and Fe oxyhydroxides do not act as an adsorbent of As in the aquifer sediments examined in this study. Although Fe oxyhydroxides are excellent adsorbents of As, they do not always function this way in nature. For example, Fe oxyhydroxides are the dominant host phases of As in tailings of sulfide ore deposition, although the adsorbed arsenate is likely released by desorption during polymerization and aging of Fe oxyhydroxides (Paktung et al., 2003) . Pascua et al. (2005) found less adsorption of As onto Fe oxyhydroxides compared with coexisting smectite.
In the studied area, the highest As contaminated groundwater appears in actively recharging zones, where vertical infiltration of surface water occurs during the late of rainy season and the following dry season (Nakaya et al., 2011) . Nakaya et al. (2011) evaluated that the reducing condition was not essential to release As in our study area. They presumed that the accelerated vertical groundwater flow rate in these 30 years due to rapid increase of irrigation pumping triggered the As release from the sediments, as similar to the idea previously suggested by Harvey et al. (2002 Harvey et al. ( , 2005 , who documented that the local groundwater circulation in a few hundred meters diameters promoted by the rapid increase of irrigation pumping in these 30 years were associated As contaminated groundwater. The rapid flow rate prevents reduction of infiltrating groundwater and aerobic conditions develop in the originally reducing aquifer. Chemical weathering is a hydration process of the primary minerals with weakly acidic meteoric water and redox reaction is not essential. However, oxydation-dissolution of primary minerals is common, since the chemical weathering occurs at or near the surface of the Earth, where the aerobic condition is easily attained. The redox condition of the studied Holocene aquifer would turn from reducing to oxidizing conditions for Fe(II) to precipitate Feoxyhydroxides in these 30 years.
Chlorite is a major detrital mineral transported through rivers, such as the Ganges and Brahmaptra, originating from the Himalayas (Chakrapani et al., 1995; Jha et al., 1993) . The amounts of chlorite, together with those of mica and smectite, increases systematically downward in suspended particles in the upper Ganges River (Chakrapani, 2005) , and in river bed sand of the Brahmaptra River (Garzanti et al., 2004) . It is also a dominant mineral in the As-contaminated groundwater aquifer; e.g., clinochlore was enriched in a sandy aquifer in West Bengal (Nath et al., 2009) . Arsenic concentration of the bulk sediments of studied aquifer give the positive correlation to the XRD intensity of chlorite (Fig. 7) . In our work in Punjab, Pakistan, As-contaminated groundwater appears in an aerobic aquifer, and the As concentration of the aquifer sediments have a linearly positive correlation to the XRD intensity of chlorite (Masuda et al., 2010) . Those studies are indicative of the chlorite as a ubiquitous source of As in the groundwater basin originating from the Himalayas. The chlorite is like capsule transporting As into the Holocene aquifer and releasing it long years after the deposition.
Chlorite would not be the only detrital mineral as a source of As. Although sulfide minerals are rather a sink than a source of As in sediment hosted aquifers (Masuda et al., 2005; Lowers et al., 2007) , detrital sulfide grains were found to host As in the surface and near-surface sediment of As-affected areas in Mushiganj, 30 km south of Dhaka; local concentrations of As in the grain was as high as 5% (Polizzoto et al., 2005) . The release of As was thought to occur via oxidation of sulfide minerals in association with a seasonal change in redox conditions of the sediments due to infiltration of recharging water; reduction of Fe oxyhydroxides had a limited impact on the As-polluted groundwater formation. Arsenic-contaminated groundwater can appear close to acidic and pegmatitic hydrothermal alteration veins in the granitic rocks of India, in which the As was enriched in hydrothermal sulfide minerals and chlorite (Acharyya et al., 2005) . Chemical weathering of As-bearing minerals under aerobic condition may explain the occurrence of highly As-contaminated but Fe-depleted groundwater not only in our studied area but also many other areas in the Asian countries.
CONCLUSIONS
Chemical weathering of detrital As-bearing minerals in the contaminated aquifer would be the first stage of As contaminated groundwater formation in the GBM delta plain. After decomposition of the chlorite and/or other As-bearing minerals such as sulfides, the As concentration of groundwater would be controlled by the solubility and adsorption capacity of Fe-oxyhydroxides under variable redox conditions of the aquifers as the consensus. Importance of chemical weathering of As-bearing detrital minerals in the aquifer must be reconsidered to fully understand the As-contaminated groundwater in the GBM plains and other river basins originating from the Himalayas.
